Observations of CO emissions in the visible and near-infrared (NIR) have been rare for 20 comets, and no measurements from orbiters are currently available in the visible for the 21 dayglows of Mars or Venus. Analysis of the ultraviolet CO(a-X) Cameron bands from 22
Mars Express dayglow observations supports the conclusion that these bands have very 23 high rotational temperatures, some thousands of kelvins. The most plausible source for 24 the CO rotational excitation is its generation by CO 2 photodissociation. Recent laboratory 25 measurements investigating the photodissociation of CO 2 in the extreme ultraviolet 26 (EUV) reveal strong emissions in the visible and NIR region by the triplet CO(a´, d, e) 27 states, which we take to be a primary source for the UV CO(a-X) Cameron bands. Thus, 28 detection of visible emissions from the triplet CO states in planetary dayglows and 29 comets provides an upper limit to the CO 2 density. The presence of CO high rotational 30 excitation along with the intense visible and NIR band emissions should be considered as 31 a practical way by which planetary dayglow and cometary spectra provide information on 32 the presence of CO 2 . Finally, we report on existing observations of cometary atmospheres 33 and estimate the altitude for the emitting layer of the CO triplet states in Mars and Venus. 34
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Comets 36 bands are generated in a region of shorter wavelength and large cross section. 110
If we consider the product of the CO 2 absorption cross section and the solar flux, 111
we can demonstrate that the most important region for solar photodissociation is at 112 90-110 nm [Huestis et al., 2008] , just the region where the CO(a) yield is highest 113 [Lawrence, 1972a] . Noteworthy is the fact that the very strong Lyman-alpha (Ly-α) line 114 at 121.6 nm is much less important than the shorter wavelength radiation. 115
Interest in CO 2 photodissociation in the solar system is not limited to the 116 atmospheres of Mars and Venus. Cometary atmospheres contain substantial amounts of 117 CO 2 , and what we learn about the dayglows of Mars and Venus has direct application to 118 cometary spectra⎯the photon source being, in both cases, the sun. Thus, comparisons 119 among Mars spectroscopic results, those from comets, and those from relevant laboratory 120 studies can help improve our understanding of these systems. Finally, we would expect 121 similar principles to be applicable to CO 2 planetary atmospheres in other solar systems. 122
123

Evidence from Observations and Laboratory Experiments 124
Highly Rotationally Excited CO in the Mars Dayglow 125
UV spectra of Mars dayglow were initially obtained by the Mariner spacecraft 126 [Barth et al., 1971] , and more recently by the Spectroscopic Investigation of the 127
Characteristics of the Atmosphere of Mars (SPICAM) spectrometer on Mars Express 128 [Leblanc et al. 2006] . SPICAM has a long wavelength cut-off near 310 nm, while the 129 4/5/12
An example of the SPICAM spectra is shown in Figure 1, Characteristics of the Atmosphere of Venus (SPICAV) spectrometer on Venus Express, 137 the problem is much more severe, and there are as yet no published data, although it is 138 reasonable to expect that the same features will appear. 139
It was pointed out long ago [Conway, 1981] that the Mariner Cameron band 140 spectra showed a very hot rotational distribution. The analysis gave a bimodal 141 temperature, the best fit showing both 1600 K and 10,000 K. This is an extraordinary 142 result and, in our recent analysis of results from the Mars Express SPICAM instrument, 143 we found such a distribution. 144 Figure 2 shows a series of DIATOM™ [Huestis, 1994] simulations of the intensity 145 distribution of the Cameron bands in the Mars dayglow. They are composed of the v´ = 146 0-2 band sequences, using published Franck-Condon factors [Krupenie, 1966] , with 147 slight adjustments to improve the relative amplitudes. The calculations are carried out for 148 single temperatures from 500 K to 10,000 K. The thick solid line is a representative 149 SPICAM spectrum; overall, it falls between the 4000 and 6000 K lines. Thus, we concur 150 with Conway´s analysis, in which he also investigated whether the CO + (B-X) First 151
Negative bands might be present in this region, thus filling in the intensity between the 152 Cameron bands. He concluded this system was not present. results yet. In the work of Burke et al. [1996] , the most intense band is the a´-a 2-0 band, 194 at 1.08 µ, which ought to be a target for cometary and planetary dayglow observations. 195
We have looked for this emission in a published spectrum of Comet West [Johnson et al., 196 1983] , and its absence may indicate that the coma contains very little CO 2 . 197
To observe the visible CO triplet bands, the energetics require that we carry out 198 Cameron bands, we used a 10-nm full-width half-maximum (FWHM) interference filter 218 centered at 214 nm, i.e., the position of the CO(a-X) 0-1 band. For the visible emission, 219
we employed a 520-nm long-pass filter, so that all emission was collected out to the 220 photomultiplier tube (PMT) cut-off (~850 nm), although much of the emission is from 221 longer wavelengths. In Figure 3 , we show two excitation spectra for a mixture containing4/5/12 ~4 mTorr CO 2 in 2 Torr He, one for the Cameron bands, and the other for emission in the 223 520 to 850-nm range. The intensities are normalized to the peak. 224
The spectra show different behavior, because the threshold for direct Cameron 225 band production is ~1 eV lower than the triplet band threshold. Furthermore, the various 226 triplet bands will not be registered at their threshold, because the emission will first 227 appear in the IR, where our detector is not sensitive. With increasing photon energy, the 228 emission moves into the visible and is recorded. From Figure 3 , we can see that the 229
Cameron band signal becomes large in line with the visible signal, indicating that the 230 cascading contributions are a major Cameron band source. 231
After having determined that the maximum signal at both wavelength regions is at 232 a photon energy of 13.4 eV (92.5 nm), we recorded fluorescence spectra using a 233 monochromator and photon counting arrangement. The spectra were calibrated utilizing 234 the phototube sensitivity and the monochromator grating efficiency, both to set the 235 photon fluxes on a comparable scale with respect to the two spectral regions, and to carry 236 out an extension into the IR. Because the phototube is not sensitive in the IR region, 237 where much of the triplet emission is found, we can use the calibrated IR spectrum 238 [Burke et al., 1996 ] to extend the spectrum. In this manner, we can evaluate how much of 239 the light is missing from the UV and visible region. By using the 785-nm a´-a 5-0 band-240 common to both spectra-it is possible to make this comparison. 241 If the triplet bands were produced exclusively at 13.4 eV, and then cascaded to the 260 a 3 Π state, the production rates in the two regions would be equal. However, the UV and 261 visible/IR intensities will not be equal, because the Cameron bands are quenched by CO 2 , 262 whereas the triplet bands are not. Thus, the fact that the Cameron bands are nine times 263 weaker than the triplet bands in Figure 4 is an indication of this effect. The single a´-a 264 Asundi 2-0 band at 1.08 µ is twice as intense as the entire Cameron band system. 265
With regard to laboratory observations in condensed media, Gudipati and Kalb 266
[1998] have carried out experiments in which CO/Ar mixtures were irradiated near 267 4/5/12 visible/near IR CO triplet transitions were observed, preceding the Cameron bands. In 269 the study on CO 2 , CO was initially produced, which was then excited. Interesting to note 270 is that in the CO study the strongest triplet feature is the a'-a 2-0 band, just as seen in 271 Table 3 ]. If we take 25% as a 321 value for the fraction of Cameron bands coming from CO 2 photodissociation, then the 322 intensity from this source is on the order of 100 R. As we make the claim that most of 323 the observed Cameron band emission arising from CO 2 photodissociation is preceded by 324 cascading from the CO(a', d, e) states, then the visible/near-IR emission from these states 325 is predicted to be of this same magnitude, ~100 R, spread over the 600 to >1400 nm 326 range shown in Figure 4 . Because of reduced sensitivity of detectors in the IR, probably 327 the best band to view in a search for the triplet emissions is the a'-a 5-0 band (the shortest 328 wavelength head of the quintuple-headed band lies at 783 nm [Krupenie, 1966] ), where 329 an estimated intensity for this band alone is about 10% of the total, i.e. ~10 R. 330
However, the 75% fraction of the Cameron bands that are claimed to arise from 331 photoelectrons on CO 2 [Raghuram and Bhardwaj, 2012] do not exclude similar CO 332 products, considering that the energy threshold for CO(a) production from CO 2 is 333 11.5 eV, whereas that for CO(a') production is 12.3 eV. Therefore the 10 R estimate for 334 the intensity of the a'-a 5-0 band is a lower limit, an upper limit being larger by a factor 335 of four. 336 4/5/12
Altitude of the CO Triplet Band Emission in Venus and Mars 340
Although we can conclude that the CO triplet bands are produced with high 341 efficiency in CO 2 photodissociation at energies around 13.4 eV, it is necessary to 342 consider how photons are absorbed in the CO 2 atmospheres, which sets constraints on the 343 observations. The crux of the matter is that 13.4 eV photons are blocked by CO 2 at 344 relatively high altitudes. Above such altitudes, the Cameron and triplet bands will have 345 comparable intensities, but at the altitude where the Cameron band profile peaks, 346 typically near 120 km in the Mars dayglow [Simon et al., 2009] , the unity optical depth 347
(1/e absorption) for 13.4 eV photons will be higher. To quantify the photoabsorption 348 process, it is useful to calculate the altitude of unity optical depth. This has been done for 349 Venus. We see that for 13.4 eV photoexcitation, unity optical depth is reached at 137 km 359 for Venus and 131 km for Mars. Therefore, for the case of Mars, the CO triplet band4/5/12 emission generated by CO 2 photodissociation for 1/e absorption will lie only 11 km 361 higher than the 120 km Cameron band peak seen by SPICAM [Simon et al., 2009] . 362
When cascading from the upper triplet levels is the dominant source of the 363
Cameron bands, most of the emission comes from the a(v = 0) level, because a large 364 fraction of the visible/IR emission terminates on that level. We can estimate a quenching 365 factor for a(v = 0) from its radiative lifetime and the CO 2 removal rate coefficient. The 366 latter has been measured, with a range of (1.2-1.7) × 10 -11 cm 3 s -1 [Slanger, 1971 ; Taylor [1996]. The spectrum has been corrected for variations in detector sensitivity as a 575 function of wavelength. 576
